In antiaromatic molecules, single and double bonds interconvert via a process called bond-shift valence tautomerization, which is often so fast that its rate is difficult to measure experimentally. In this issue of Chem, Wu and co-workers use dynamic NMR spectroscopy to study valence tautomerization in a giant antiaromatic macrocycle.
''How rapidly do the resonance forms of benzene interconvert?'' It is depressing when students ask this question because it normally means they have not understood the difference between resonance and equilibrium. One must gently explain that the true structure of benzene is D 6h symmetric with all C-C bond lengths equal. But it is not such a stupid question. Benzene's smaller antiaromatic cousin, cyclobutadiene, exhibits pronounced bondlength alternation (BLA) and bond-shift valence tautomerization. The structural dichotomy between benzene and cyclobutadiene is shown by the potential energy surfaces for bond-length reorganization ( Figure 1A ). 1 Kekulé thought that benzene could be described as two rapidly interconverting cyclohexatriene tautomers. We now call this oscillation the Kekulé vibration; it effects an increase in BLA (b 2u vibrational mode, frequency 1,310 cm -1 , time period 25 fs).
Importantly, the equilibrium geometry has no BLA.
In contrast, cyclobutadiene's valence tautomerization is represented by a double-well potential. There are two equilibrium geometries (D 2h rectangles) separated by a low activation barrier: the transition state at the top of this barrier is the D 4h square cyclobutadiene. It has been difficult to evaluate the height of the bond-shift barrier in cyclobutadiene. High-level calculations suggest 27-32 kJ/mol, but low-temperature solid-state 13 C NMR spectroscopy experiments set an upper bound of 4 kJ/mol (at 25 K, interconversion time < 1 ms), and it appears that heavy-atom tunneling substantially accelerates the tautomerization.
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Another well-known difference between benzene and cyclobutadiene is that benzene is aromatic and satisfies the famous 4n + 2 rule for aromaticity, whereas cyclobutadiene is antiaromatic with 4n p-electrons (where n = 1). FrostMusulin diagrams explain how the difference in electron count causes structural distortions in antiaromatic molecules (i.e., high BLA), whereas small aromatic molecules tend to be symmetrical with low BLA. An annulene (CH) n is represented by an n-sided polygon inside a circle, where one corner of the polygon is at the bottom ( Figure 1B ). The relative resonance energies of the p-orbitals are given by the points at the corners of the polygon on a vertical energy scale. Figure 1D ).
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The main limitation of VT-NMR studies is that the rate of reaction must be close to the chemical shift timescale at some accessible temperature; as a rule of thumb, the activation barrier for the dynamic process should be in the range of 20-60 kJ/mol. There are many ways of changing this activation energy. One approach is to change the molecular structure, as illustrated by studies of the interconversion of cycloheptatriene (CHT) and norcaradiene (NCD) (Figure 1C ). This tautomerization was too quick to be observed by NMR until Vogel et al. studied the benzene-fused derivatives ( Figure 1D) . 6 In these systems, the interconversion is retarded to such an extent that the two benzo-NCD conformers, which exchange via the benzo-CHT, are in slow exchange by NMR at temperatures of up to 180 C. In this example, the tautomerization barrier is increased by the loss of benzene aromaticity in the benzo-CHT intermediate. In general, benzene's aromatic stability persists in local form in extended p-systems, as described by Clar's rule 7 and beautifully demonstrated by some of Jishan Wu's other work on graphene nanoflakes. 8 In this issue of Chem, Wu and coworkers describe a series of p-conju-
The [n]CPBM-An series is similar to the well-studied [n]cyclo-para-phenylenes ([n]CPP) 10 but with an additional methine inserted between every biphenyl unit. These methine positions bear substantial radical character and require protection with bulky anthracenyl groups. The spectacular synthesis relies on a late-stage remote reductive aromatization of the anthracene, avoiding steric challenges in the construction of the macrocycle. Remarkably, the entire series of molecules is stable under ambient conditions for several days.
The [n]CPBM-An macrocycles have interesting magnetic properties. Each CPBMAn repeating unit provides nine p-electrons to the macrocycle. Thus, n = 3, 5, and 7 are paramagnetic molecules with a doublet ground state, whereas n = 4, 6, and 8 are diamagnetic singlet ground states (albeit with appreciable radical character according to density functional theory, electron paramagnetic resonance, and superconducting quantum interference device measurements). In all cases, the singlet-triplet gap is small (<16 kJ/mol) and decreases in the larger macrocycles.
The macrocycle [4] CPBM-An can be thought of as a ''super-sized'' analog of cyclobutadiene. X-ray crystallography revealed a distinct structural distortion from the idealized square to a more rectangular shape. This elongated structure results from quinoidal character in the biphenyls along two opposing sides of the molecule and aromatic character for those on the other two sides ( Figure 1E) . Calculations of the nucleus-independent chemical shift (NICS), which is often diagnostic for (anti)aromaticity, revealed that although the high-symmetry ''square'' geometry would be antiaromatic (NICS = +10 ppm), the elongated rectangular ground-state structure is nonaromatic (NICS z 0 ppm).
In the room-temperature NMR spectrum of [4] CPBM-An, the 1 H resonances of the quinoidal and aromatic benzene rings were in fast exchange and thus indistinguishable. Only two pairs of CPBM proton resonances were apparent until the sample was cooled to about 223 K. Below this temperature, distinct resonances for the quinoidal and aromatic benzene protons were observed. The VT-NMR spectroscopic data were evaluated by lineshape analysis, giving a barrier to bond-shift valence tautomerization of 47 kJ/mol (coalescence temperature 263 K, interconversion time 1 ms).
Why should this barrier be so much higher than that between other pairs of bond-shift tautomers? We return to the idea of inserting energetically robust benzene units to increase the barrier for valence tautomerization.
The transition state for the bond shift in [4] CPBM-An is, by calculation, the antiaromatic ''square'' geometry. It can be seen from Figure 1E that the establishment of a 36 p-electron antiaromatic circuit results in the loss of aromaticity in each benzene subunit: four p-electrons, which were formerly part of each privileged sextet, are now given up to this circuit. The loss of benzene aromaticity is accompanied by a dramatic increase in energy. This simple picture is supported by calculated ring currents and NICS values ( (D) Examples of slow valence tautomerization processes, which have previously been characterized by solution-phase NMR. [3] [4] [5] (E) Sketched potential energy surface for interconversion of bond-shift tautomers of [4] CPBM-An.
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[4Fe4S] clusters are ubiquitous cofactors in biology; indeed, they are structurally and functionally versatile, predate DNA and RNA, and might have even played a role in the origin of life itself.
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Recently, [4Fe4S] clusters have been discovered in DNA helicase XPD (which acts in DNA repair), helicase-nuclease Dna2 (which is involved in the Okazaki fragment process of replication), and all replicative DNA polymerases. 3, 4 Therefore, [4Fe4S] clusters are believed to play a significant role in both DNA replication and repair. Additionally, defects in [4Fe4S] clusters can lead to developmental diseases and cancer, making elucidating their mechanism of signaling critical in the development of new drug targets. 5 The proposed signaling pathways that have been suggested involve the DNA-mediated charge transfer between two [4Fe4S] clusters. For the case of DNA replication, the idea is that a [4Fe4S] cluster in DNA primase can transfer a charge to or from a [4Fe4S] cluster containing polymerase a. This charge-transfer process proceeds through DNA-used like a telephone wire-to generate a line of communication between enzymes. This ''DNA telephone'' is then the signaling pathway that coordinates the DNA replication activity. Figure 1 shows this signaling pathway, where either (1) a hole can transfer from the DNA primase to polymerase a or (2) an electron can transfer from polymerase a to DNA primase. In the case of mechanism 1, the hole should first be transferred from p58c to a neutral DNA duplex, then transferred through DNA, and finally transferred from DNA to p180c. Alternatively, in mechanism 2, an electron can first be transferred from p180c to DNA and transported through DNA before being transferred to p58c. This chargetransfer process switches the oxidation states of the [4Fe4S] clusters and results in a reduced cluster in p58c and an oxidized cluster in p180c. This pathway should then promote primer dissociation from DNA primase and primer association to polymerase a.
O'Brien et al. performed a careful experimental study that proposed this mechanism. 7 However, an alternative mechanism based on p58c motion for the termination of primer synthesis and the handoff to polymerase a has been proposed for primer synthesis. 
